Starting from a recent model of the η ′ N interaction, we evaluate the η ′ -nucleus optical potential, including the contribution of lowest order in density, tρ/2m η ′ , together with the second order terms accounting for η ′ absorption by two nucleons. We also calculate the formation cross section of the η ′ bound states from (π + , p) reactions on nuclei. The η ′ -nucleus potential suffers from uncertainties tied to the poorly known η ′ N interaction, which can be partially constrained by the experimental modulus of the η ′ N scattering length and/or the recently measured transparency ratios in η ′ nuclear photoproduction. Assuming an attractive interaction and taking the claimed experimental value |a η ′ N | = 0.1 fm, we obtain a η ′ optical potential in nuclear matter at saturation density of V η ′ = −(8.7 + 1.8i) MeV, not attractive enough to produce η ′ bound states in light nuclei. Larger values of the scattering length give rise to deeper optical potentials, with moderate enough imaginary parts. For a value |a η ′ N | = 0.3 fm, which can still be considered to lie within the uncertainties of the experimental constraints, the spectra of light and medium nuclei show clear structures associated to η ′ -nuclear bound states and to threshold enhancements in the unbound region.
I. INTRODUCTION
The η ′ meson is an important particle to understand QCD dynamics since it is linked to the U A (1) axial vector anomaly [1] [2] [3] [4] [5] . Yet, the η ′ N interaction is poorly known. Experimentally, one has estimates of the modulus of the scattering length, |a η ′ N | ∼ 0.1 fm [6] . The recent studies of the transparency ratio in η ′ photoproduction from nuclei indicate that the width Γ η ′ of the η ′ in the nucleus for momenta of the η ′ around 1050 MeV is about 20-30 MeV at nuclear saturation density, ρ = ρ 0 [7] . Yet, the stability of the transparency ratio as a function of the η ′ momentum, suggesting a relatively constant inelastic η ′ N cross section, also indicates that Γ η ′ (≃ v η ′ σρ) should be smaller at lower energies and values around 10 MeV could be a reasonable estimate. On the other hand we are only aware of one theoretical calculation of the η ′ N interaction [8] . This calculation is done within the chiral unitary approach with coupled channels, including the Weinberg-Tomozawa interaction which acts only on the octet of pseudoscalar mesons. This requires the use of the mixing angle of the octet and singlet to give the physical η and η ′ mesons, that is taken from Ref. [9] . In addition, one also uses the Lagrangian that couples the singlet meson to the baryons developed in Ref. [10] . The unknown strength of the singlet Lagrangian can be constrained from the value of the modulus of the scattering length, |a η ′ N |, but then the sign of the scattering amplitude remains unknown. Yet, the study of Ref. [8] finds that the inelastic cross sections are rather independent on this parameter and the model makes clear predictions and sets bounds on the scattering amplitude.
The possible existence of η ′ bound states in nuclei has been investigated in the past [11] [12] [13] where the mass of the η ′ in the medium was estimated from arguments of chiral symmetry restoration. A reduction of the η ′ mass in the medium of about 100 MeV was obtained in [13] and, invoking a small imaginary part of the optical potential, relatively narrow bound states were predicted and reactions to eventually measure them were also suggested. The modification of the η ′ mass has also been studied using various effective lagrangians of the Nambu-Jona-Lasinio type [14] [15] [16] or within the quark-meson coupling model [17] . None of these works included an imaginary component of the η ′ optical potential accounting for the effect of inelastic channels or multinucleon absorption.
In the present work we use the model of Ref. [8] to derive the η ′ nucleus optical potential and investigate the possibility of obtaining η ′ bound states in nuclei. As discussed in Ref. [8] , the coupling of the singlet meson to the baryons contributes mostly to the η ′ elastic channel and barely modifies the inelastic channels. This unique feature resembles that of the anomaly effects suggested in Ref. [13] using arguments of symmetry. Since the value of the singlet coupling is a free parameter of the theory, we can vary its strength up to values that simulate the scenario proposed in Ref. [13] .
In addition to the optical potential obtained from the selfenergy at lowest order in the nuclear density, tρ, we also calculate, using standard many body techniques, the second order density contributions which account for η ′ absorption by pairs of nucleons. We study several options and use the experimental constraints [6, 7] to obtain likely optical potentials with which we evaluate the bound states in different nuclei. Assuming the potential to be attractive, we find bound states of η ′ in most nuclei, with their corresponding widths, which should be taken into consideration in an eventual experimental search. With this study we aim at getting a deeper insight and new information on the properties of the η ′ (958) meson in nuclei and on possible effects of the U A (1) anomaly with the partial restoration of chiral symmetry at finite density.
II. FORMALISM
The η ′ selfenergy in nuclear matter at lowest order in the density is given by
where t is the particle-nucleon scattering matrix. The optical potential is related to it by
where ω η ′ is the energy of η ′ .
In the present work, we evaluate the η ′ optical potential for a η ′ meson at rest ( p η ′ ∼ 0). We use the η ′ N scattering amplitudes of [8] for different values of a η ′ N . Since we are only interested in the case where the interaction is attractive, we take the values of t corresponding to Re(a η ′ N ) positive. In Table I we show the values of t for the η ′ N → η ′ N elastic amplitude and the η ′ N → ηN transition amplitude, which will play some role in the absorption process. [8] . The parameter α indicates the coupling strength of the singlet meson to the baryons defined in Ref. [8] , and |a η ′ N | is the calculated modulus of the η ′ N scattering length.
The second order potential is evaluated using the diagrams of Fig. 1 , which account for the absorption of the η ′ meson by pairs of nucleons. From these open diagrams we construct the many body diagrams of Fig. 2 for the η ′ selfenergy in nuclear matter. The imaginary part of the diagram of Fig. 2(a) , stemming from the excitation of intermediate two-particle two-hole (2p2h) states, accounts for η ′ absorption by means of two nucleons, but there is also a source of imaginary part attached to the complex value of t. In addition, the diagrams also account for dispersive effects resulting in a real part of the η ′ selfenergy. These diagrams, involving two holes, have roughly a ρ 2 type behavior. The evaluation of the diagrams of Fig. 2 requires the knowledge of the t matrix for the η ′ N → η ′ N , η ′ N → ηN and η ′ N → πN transitions. Yet, the η ′ N → πN amplitude was found extremely small in [8] , and experimentally the π − p → η ′ n cross section is known to be of the order of 0.1 mb [18] . This is substantially smaller than the values of order of a few mb found for η ′ N → η ′ N or η ′ N → ηN reactions in [8] , in spite of the larger phase space involved in the η ′ N → πN transition. This allows us to neglect the diagram (c) in Fig. 1 and consider only the exchange of η ′ and η mesons in Fig. 2 .
For the Yukawa vertex we use the standard Lagrangian as,
The coupling of the η ′ is implemented adding to the SU(3) matrix of the pseudoscalar fields, φ, the term diag(η 1 , η 1 , η 1 )/ √ 3. We find the couplings for the octet and the singlet isospin zero pseudoscalar mesons as,
Nonrelativistically this leads to two vertex functions of the type V σ · q, with V η , V η ′ given by
where θ P is the η 1 -η 8 mixing angle, for which we take the value 14.34 • of Ref. [9] , and
with F=0465, D=0.795 [19] . The relativistic calculation with the γ 5 operators can be done by simply substituting q 2 by the relativistic −q 2 .
Following standard many-body techniques, the second order η ′ selfenergy, Π 2nd , depicted in Fig. 2 is obtained from
where the indices x and x ′ express the intermediate η and/or η ′ mesons and U (k) is the Lindhard function corresponding to a particle-hole (ph) excitation defined as,
with the factor 4 accounting for the sum over the nucleon spin and isospin. Here, the first term in the integral corresponds to the direct diagram while the second term corresponds to the crossed diagram of the fermion loop of the ph excitation. In the present calculation, we find that the contribution of the crossed diagram in the first Lindhard function U (p η ′ − q) of Eq. (10) is small and can be neglected safely. As for the second Lindhard function U (q) of Eq. (10), we include both direct and crossed terms in Eq. (11) . Hence, the second order selfenergy of η ′ calculated here by Eq. (10) consists of the contributions shown in Fig. 2 (a) and (b) . We use average values of p 2 and p to replace E( p ) and E( p + k) in the denominator of Eq. (11) as,
where k F is the Fermi momentum defined as,
We also use the same average value for the occupation number n( p+ k) in the numerator in Eq. (11) as,
Together with these approximations, we can perform the d 3 p integration by using the relation,
and we finally get
where we have taken M/E F ∼ 1 . Performing the q 0 integration using Cauchy theorem and summing up the contributions of all poles, we obtain a simplified expression of the η ′ self-energy Π 2nd (p η ′ ) which is calculated numerically. The second order optical potential V 2nd opt is obtained as
In order to obtain the optical potential in finite nuclei we use the local density approximation, substituting ρ by ρ(r), where ρ(r) is assumed to be an empirical Woods-Saxon form. This prescription was proved to be exact for s-wave [20] , which is the only one we consider here.
III. RESULTS
In Table II , we show the numerical results of the optical potential V opt at normal nuclear matter density ρ = ρ 0 for different values of the scattering length a η ′ N corresponding to those of Table I . We find that the strength of the optical potential at normal nuclear density is V opt | ρ 0 = −(8.71 + 1.82i) MeV for the case |a η ′ N | = 0.1 fm, which is consistent to the data in Ref. [6] . In the case with |a η ′ N | = 0.5 fm, we have V opt | ρ 0 = −(45.14 + 5.47i) MeV, giving rise to a width Γ = −2 ImV opt ∼ 10 MeV , which could be a reasonable extrapolation to low η ′ momentum values of the transparency ratio data of Ref. [7] . If we consider an extreme case with |a η ′ N | = 1 fm, we obtain a deep potential with a relatively small imaginary part, V opt | ρ 0 = −(91.81 + 17.21i) MeV. The potential in this extreme case has similar features as the one discussed in Refs. [12, 13] ; however, the corresponding scattering length is much larger than the experimental value reported in Ref. [6] .
potential depth at ρ = 0.17 fm As we can see, for values of |a η ′ N | of the order of 0.1 fm, the second order potential is smaller than the first one, but for values of |a η ′ N | of the order of 0.5 fm the imaginary part of the second order potential acquires a value comparable in size to that of the first order contribution. If we take a value of |a η ′ N | of the order of 1 fm, the imaginary part of the second order potential is 50% larger than the one of lowest order, which indicates the breakdown of the low-density expansion and that absorption by more nucleons may start being sizable. Since the imaginary part from additional multinucleon absorption processes not considered here will always be negative, we expect the imaginary part of the self-energy to be larger than the present results for the |a η ′ N | 0.5 fm cases.
We solve the Klein-Gordon equation and look for bound states with V opt for different nuclei. The results are shown in Table II for 11 C and 39 Ca. We find η ′ bound states in 11 C for |a η ′ N | 0.3 fm and in 39 Ca for |a η ′ N | 0.1 fm. The level spacings of the bound states are smaller than the widths for some cases as shown in Table II . Thus, there would be a possibility to observe these states experimentally.
As an example, by using the the same theoretical model of Refs. [21, 22] , we calculate theoretically the expected formation cross section of the η ′ bound states in the (π + , p) reaction at the pion beam momentum p π = 1.8 GeV/c, which can be available at the J-PARC facility. We consider the forward reactions where the emitted proton is observed at 0 degrees in the laboratory frame to reduce the momentum transfer. The momentum transfer, however, is larger than 200 MeV/c even at the forward angle and cannot be zero at any kinematics in this reaction. The cross section for this reaction is evaluated using the Green's function method [23] in which we solve the KleinGordon equation both for the bound and unbound η ′ meson with the η ′ optical potential. The pion and proton wave functions are also distorted using the eikonal approximation. The neutron in the target nucleus is assumed to be described by a simple harmonic oscillator wavefunction. The energy of the emitted proton determines the energy of the η ′ -nucleus system uniquely. We show the calculated spectra in Figs. 3 and 4 as functions of the excitation energy E ex − E 0 defined as
where B η ′ is the η ′ binding energy and S n (j n ) the neutron separation energy from the neutron single-particle level j n . S n (ground) indicates the separation energy from the neutron level corresponding to the ground state of the daughter nucleus. E 0 is the η ′ production threshold energy. In Figs. 3, 4(a) and 4(b), we find that a clear peak structure appears . The result with the deep potential shown in Fig. 4 (c) has similar features as those found in Ref. [22] . We also show the spectrum for the repulsive potential case in Fig. 4(a) , where we assume an opposite (repulsive) sign for Re(V opt ) in the |a η ′ N | = 0.3 fm case. The spectra for nuclei heavier than 39 Ca have an overlap of different [n-hole⊗η ′ ] configurations that smear out the individual peaks and would not be suited for experimental searches. The results shown in Figs. 3 and 4 deserve some comments. The peaks appearing in the most bound region correspond to a situation where the neutron has been removed from the less bound orbit, namely (0d 3/2 ) n for the 40 Ca target (Fig. 3 ) and (0p 3/2 ) n for the 12 C target (Fig. 4) , and the η ′ is in the most bound 0s state. The final nucleus is thus left in its ground state which is stable. We also take into account situations where the neutron has been taken from an inner orbit, leaving a hole in the final nucleus which is then in a particular excited state. These states decay and their width is tied to the imaginary part of the nucleon nucleus potential for energies below the Fermi energy [24] [25] [26] . The widths of the hole states are taken into account in the present calculation. The width of the neutron-hole states in 39 Ca have been estimated to be Γ = 7.7 MeV ((1s 1/2 ) −1 ), 3.7 MeV ((0d 5/2 ) −1 ), 21.6 MeV ((0p 3/2,1/2 ) −1 ), and 30.6 MeV ((0s 1/2 ) −1 ) from the data in Ref. [27] , considering the width of the ground state (0d 3/2 ) −1 to be 0 and assuming the same widths for neutron-hole states as those of proton holes. As for 11 C, we have used the data in Ref. [28] and the η ′ states as ℓ η ′ . The elementary cross section is estimated to be 100 µb/sr in the laboratory frame [18, 22] .
shown in Fig. 3 , correspond to cases in which the neutron is removed from the outermost singleparticle orbit ((0d 3/2 ) n ) and the η ′ is left bound in the daughter nucleus 39 Ca in the lower s and p states, respectively. The third peak just above the threshold (E ex − E 0 = 0) is dominated by an unbound d-wave component of the η ′ accompanied by the removal of the outer neutron. While there are no bound d states of η ′ in this case, as can be seen in the results shown in Table II , the attractive η ′ -nucleus interaction pulls this low energy scattering wave of the η ′ closer to the daughter nucleus enhancing its overlap with the nucleon wavefunctions and consequently producing a larger cross section. This is the so-called threshold enhancement of the quasi-elastic (unbound) η ′ contributions around the production threshold. Therefore, we can consider this enhancement to give an indication of the attractive η ′ -nucleus interaction if it is observed. The fourth peak from the left at E ex − E 0 ∼ 12 MeV has the same origin as the third peak of the threshold enhancement, except that it is accompanied by the removal of the inner neutron state (0d 5/2 ) n . Extra peaks in the higher energy region have the same interpretation but correspond to the higher angular momentum partial waves.
We can observe that in an intermediate mass nucleus like 40 Ca, the capture of the η ′ in the most bound (0s) state with removal of an outer nucleon, produces a peak with too small strength, diluted with the tail from other states, which would not be suited for experimental observation. The production of a 0p η ′ state, however, leads to a distinct signal. In the case of a lighter nucleus like 12 C, a peak in the bound region can be observed, as long as |a η ′ N | does not differ too much from the value where it starts producing bound states (see the upper and middle panels of Fig. 4) . Curiously, it does not help to have a larger strength for the optical potential (lower panel in Fig. 4) . Indeed, the peaks corresponding to the production of the η ′ in the most bound state have small strength and are diluted due to the overlap of competing contributions from the removal of nucleon states from inner and wider orbits. Only a feeble signal over a large background stands up in the bound region corresponding to the production of the η ′ in the 0p bound state with the removal of the outer nucleon.
An interesting observation of the numerical results for attractive potentials is the robustness of the appearance of the peak structures in the spectra around the meson production threshold, in contrast to the spectrum calculated with the repulsive potential, where we only find a smooth quasifree contribution without any peak structure, as shown in Fig. 4(a) . The origin of the struc- n and the η ′ states as ℓ η ′ . The elementary cross section is estimated to be 100 µb/sr in the laboratory frame [18, 22] .
tures depend on the target nucleus and the η ′ -nucleus potential strength, and they can be associated to genuine η ′ bound states and/or to an enhancement of the quasifree contribution. In any case, they give an indication of the attractive feature of the potential and can provide new information on the properties of the η ′ meson in nuclei. The robustness of the appearance of structures for an attractive interaction, which is independent on the details of the theory, could be helpful for actual experiments even if subsequent more refined measurements might be required to properly identify the origin of the peak structure in the spectrum.
In summary, we have observed that, depending on the strength of the potential, some nuclei are better suited than others to eventually find peaks that can be identified with the production of possible bound η ′ states in nuclei. The calculated spectra shown in Figs. 3 and 4 also indicate the experimental resolution needed to observe those peaks. We note that the relatively small width of these states has made the appearance of clean peaks possible, in contrast with the situation with K mesons in nuclei where the widths are very large [29] [30] [31] .
IV. CONCLUSIONS
We have done a calculation of the η ′ -nucleus optical potential, starting from the lowest order term in the nuclear density and adding the second order term which accounts for η ′ absorption by pairs of nucleons. The strength of the potential is unknown, because of the limitations of the theory, where one has a free parameter tied to the coupling of the singlet of mesons to the baryons, for which the only constraint is the poorly known η ′ N scattering length. At present, we can not even predict the sign, so we cannot claim the existence of bound η ′ states in nuclei. However, the free parameter of the theory is related to the η ′ N scattering length and, assuming different values for it, we have obtained η ′ -nucleus potentials with varying strength that produced bound states in several nuclei. The potential strength can be made similar to that expected in Refs. [12, 13] , but it requires a very large scattering length value of |a η ′ N | ≃ 1 fm in the present calculation. One welcome feature of the theory is that, within a wide range of values of the scattering length, the imaginary part of the potential is reasonably smaller than the real part and this leads to bound η ′ states with a width smaller than the separation between the levels. In such cases, one may in principle expect to see distinguishable peaks in some experiments.
As an example of a possible experiment we have presented results for the (π + , p) reaction, which can be measured at J-PARC, complementary to the reaction investigated in [32] at ELSA. We note that (π − , n) reactions on isospin symmetric targets as the ones used here, 12 C and 40 Ca, would have given similar η ′ production spectra. Given the fact that there is a proposal at J-PARC that plans to use this reaction to look for ω bound states [33] measuring forward going neutrons, the results that we get would be useful if this reaction is also done to look for η ′ states. In the photoproduction case, we can naively expect to obtain similar spectral shapes as shown in this paper with a smaller magnitude of the formation cross section, of order of 5-10 nb/sr/MeV [11, 12] .
We found that, for certain values of the scattering length and some nuclei, clean peaks could be resolved. The bound state peaks are visible in light or medium nuclei and correspond to situations where the potential is not too deep. The peaks appear at binding energies smaller than 20 MeV and their widths are of the order of 10 MeV. This certainly requires having a good experimental resolution. It is also interesting to observe that the structure of the spectrum around threshold gives clear indications about the character (attractive or repulsive) of the η ′ -nucleus interaction. In the present situation, where not even the sign of the scattering length, and hence of the η ′ -nucleus potential, is known, an experiment searching for bound η ′ in nuclei, either producing positive or negative results, would provide a welcome information on the properties of the elementary η ′ N interaction, putting constraints on the size of the scattering length and eventually determining its unknown sign.
